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PEROVSKITE THIN FILMS HAVING LARGE
CRYSTALLINE GRAINS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of priority of Singa-
pore Patent Application No. 10201501431Q), filed Feb. 26,
20135, the contents of which being hereby incorporated by
reference in 1ts entirety for all purposes.

TECHNICAL FIELD

The i1nvention relates generally to perovskite matenals,
and 1n particular, to perovskite thin films having large
crystalline grains. Methods of forming the perovskite thin
films are disclosed herein. The perovskite thin films find
particular use in photovoltaic applications.

BACKGROUND

As an emerging photoelectric matenial, perovskite has
evoked widespread scientific and industrial interests due to
its versatile applications 1n solar cells, light-emitting diodes,
laser diodes, photodetectors, and thin film photovoltaics.
This material 1s an organic-inorganic trihalide perovskite
with an ABX, structure (where A 1s an organic or monova-
lent alkal1 cation, B a divalent metal 1on and each X a halide
such as chlorine (Cl), bromine (Br) or 10dine (I)). A typical
and well-known perovskite compound 1s methylammonium
lead triiodide (CH,NH,Pbl,), which can be synthesized
from cheap materials, 1n contrast to traditional semiconduc-
tors. Various deposition procedures can be employed to
tabricate perovskite thin films including simple one-step
solution coating, sequential dip coating, vacuum thermal
co-evaporation deposition and vapor-assisted solution pro-
cesses. Taking perovskite solar cells as an example, per-
ovskite thin films exhibit excellent crystallinity, ambipolar
transport and large diffusion length for both electrons and
holes, which boost the power conversion efliciencies (PCEs)
of devices exceeding 16% 1n planar heterojunction and
mesoporous device architectures.

Although the device efliciency of perovskite photovoltaic
has constantly been improved 1n the past few years through
optimizing device design, material interfaces and processing
techniques, the basic properties of organic-inorganic triha-
lide perovskites are not well understood. Cavities or pin-
holes can be found in solution-processed perovskite thin
films fabricated with aforementioned methods, and these can
cause shunting pathways thereby degrading device pertor-
mance.

Therelfore, 1t remains a challenge to obtain high quality
and continuous perovskite thin films with good uniformaity,
high coverage rate and large grain size on top of polymer or
metal oxide charge transport layers 1n a photovoltaic device.

SUMMARY

The present disclosure provides an alternative approach
for fabricating high-quality perovskite thin films by taking
into account the mevitable questions in existing deposition
techniques. High-quality perovskite thin films are achueved
by combining vacuum and solution-processed methods for
the fabrication. In comparison with conventional approaches
including one-step solution coating, sequential dip coating,
vacuum thermal coevaporation deposition and vapor-as-
sisted solution processes, the present method can achieve
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high-quality, uniform and optically smooth perovskite thin
films with large crystalline grains, and the method 1s highly
reproducible. This method can overcome some inevitable
disadvantages compared to other solution-processed tech-
nologies, which usually involve large aggregation of pre-
cursors or mtermediates during fabrication.

For photovoltaic applications, large crystalline grains are
highly desirable in significantly reducing charge recombi-
nation at grain boundaries. Highly etlicient planar hetero-
junction perovskite solar cells have been realized via this
approach. Benefitting from this approach, power conversion
clliciency of perovskite solar cells can surpass 18%, and
reproducibility 1s superior. In addition, the fill factors of the
present photovoltaic devices are large, which are around
70-85%. It 1s fully comparable with best fill factor result
(~85%) of all existing photovoltaic technologies.

Thus, 1n accordance with a first aspect of the present
disclosure, there 1s disclosed a method for forming a per-
ovskite thin film having an ABX, crystalline structure,
wherein the crystalline structure comprises an average grain
s1ze of more than 1 micron, preferably more than 5 microns,
and more preferably, 7 to 10 microns. A 1n ABX, may be
CH,NH,*, CH,N,H.*, or Cs*. B in ABX, may be Pb*",
Sn”*. X in ABX, may be C1™, Br™ or I". In one embodiment,
the perovskite thin film comprises CH;NH,PblI,.

First, a layer of a metal (II) halide (BX,) 1s formed on a
substrate. The formation of the BX,, layer 1s carried out via
vacuum thermal evaporation of the BX, powder. By carry-
ing out the formation of the BX, layer via vacuum thermal
evaporation, a uniform and smooth BX, layer can be
achieved, thereby enabling the resulted perovskite thin film
to be fully pin-hole free and optically smooth, which are
significantly 1mportant for high quality optoelectronic
devices. This step helps to avoid aggregation of BX,
employed 1n conventional non-vacuum process. For
example, 1 the case where BX, 1s Pbl,, the Pbl, will
inevitably separate out or aggregate during conventional
one-step, sequential and vapor-assisted solution coating on
account of the high concentration of precursor solution.
Although the vacuum thermal co-evaporation deposition
may avoid this problem, 1t 1s very difhicult to control the
composition during deposition and the resulted phase purity
ol perovskite 1s another question.

Further, the present method offers a very convenment way
to fabricate large-area and high-quality perovskite thin films
on different substrate types. Generally, there 1s big techno-
logical barrier on how to scale up the eflective area of highly
cllicient lab-scale solar cells to mdustrial-scale module
products with endurable efliciency decline. For the present
method, a variety of substrates may be suitable. For
example, rigid substrates such as glass, quarts, silicon wafer,
and metal foil, or flexible substrates such as polyethylene
terephthalate (PET), polyethylene naphthalate (PEN), poly-
carbonate (PC), polyether sulfone (PES), polyimide (PI), or
fiber reinforced plastic (FRP) may be suitable.

The BX, powder may be evaporated under vacuum of
1x107° to 1x107> Pa, and at a deposition rate of 0.1 to 50
A/s, and at 210 to 230° C.

Next, a solution of an organic halide or a metal (I) halide
(AX) 1s deposited on the BX, layer. The deposition step 1s
carried out via spin coating the AX solution on the BX,
layer. The spin coating process may be carried out at various
rotation speeds, such as 150 to 135,000 rpm/s, and for a
period of 5 to 300 s.

After the spin coating process, the BX,, and AX layers are
thermally annealed to form the perovskite thin film. The
annealing process may be carried out for various timings and
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at various temperatures. For example, the BX, and AX
layers may be annealed for 0.01 to 24 h at 90 to 300° C.

By carrying out thermally annealing of the BX, and AX
layers, complete transformation of BX,, to perovskite struc-
ture 1s achieved. In contrast, incomplete transformation can
usually be observed in conventional solution or non
vacuum-based methods, which can heavily affect the
resulted device performance.

In a second aspect, a perovskite thin film having an ABX,
crystalline structure obtained from the method of the first
aspect 1s disclosed, wherein the crystalline structure com-
prises an average grain size of more than 1 micron. Prefer-
ably, the average grain size 1s more than 5 microns, such as
7 to 10 microns.

In a third aspect, a method for forming a planar hetero-
junction perovskite solar cell 1s disclosed. The method
comprises depositing a layer of poly(3,4-ethylene dioxythio-
phene)-poly(styrene sulionate) (PEDOT:PSS) on a glass
substrate pre-coated with indium-tin oxide (ITO). The depo-
sition may be carried out via spin coating.

The method further comprises depositing a layer of poly
(9,9-dioctylfluorene-co-N-(4-(3-methylpropyl))diphe-
nylamine) (TFB) on the layer of PEDOT:PSS. The deposi-
tion may be carried out via spin coating.

Next, a perovskite thin film 1s formed on the layer of
PEDOT:PSS according to the first aspect as follows: form-
ing via vacuum thermal evaporation a layer of a metal (II)
halide (BX,) on the layer of TFB, followed by depositing via
spin coating a solution of an organic halide or a metal (I)
halide (AX) on the BX, layer; followed by annealing the
BX, and AX layers to form a perovskite thin film, wherein
A is CH,NH,*, CH,N.H.*, or Cs*, B is Pb”*, Sn”*, and X
1s C1I7, Bror I".

The method further comprises depositing a layer of [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) on the per-
ovskite thin film and forming a top metal electrode on the
PCBM layer to form the solar cell. The deposition may be
carried out via spin coating. The formation may be carried
out via vacuum thermal evaporation.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, like reference characters generally refer
to the same parts throughout the different views. The draw-
ings are not necessarily drawn to scale, emphasis instead
generally being placed upon illustrating the principles of
various embodiments. In the following description, various
embodiments of the invention are described with reference
to the following drawings.

FIG. 1A and FIG. 1B show the scanning electron micros-
copy (SEM) 1mages of Pbl, deposited on a glass substrate
through conventional spin coating method. It 1s very clear
that the coverage rate in this sample 1s low, and many
cavities can be distinctly observed. Specially, many big
cavities can be found 1n this sample (FIG. 1B), and some
apparent aggregation of Pbl, can also be found, which are
very disadvantageous for the transformation of Pbl, to
CH;NH,Pbl; perovskite. In general, the Pbl, crystal will
separate out or aggregate during spin coating because of the
high concentration of Pbl, 1n solvent. Furthermore, the fast
volatilization process will make this spin coating become
uncontrollable and thus the reproducibility 1n obtain high-
quality Pbl, 1s low.

FIG. 2A and FIG. 2B show the SEM images of Pbl,
deposited on a glass substrate via vacuum thermal evapo-
ration deposition. The sample deposited with vacuum ther-
mal evaporation deposition method looks very uniform and
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smooth within a large range, and there are less cavities and
higher coverage rate than that from the conventional spin
coating approach. The smooth and uniform properties are
more favorable for the next-step of perovskite transforma-
tion, which will directly aflect the resulted device perfor-
mance.

FIG. 3A shows the SEM 1mages of perovskite
(CH,NH,Pbl,) thin films prepared by the present method.
FIG. 3B shows the SEM 1mages of perovskite
(CH,NH,Pbl,) thin films prepared by prior art spin coating
method. The average grain size of the former perovskite thin
film (FIG. 3A) 1s significantly larger than the latter (FIG.
3B). The smaller grain size usually results 1in a higher grain
boundary density. This high grain boundary density will
aflect the quasi-Fermi level splitting, and defects at grain
boundaries, which can heavily reduce open-circuit voltage
in perovskite solar cells due to trap filling of the photo-
generated electrons and an accumulation of holes, and lead
to the formation of barriers to extract carriers.

FIG. 4 shows the X-ray diffraction patterns of
CH,NH,Pbl, thin films obtained by the present method. The
results show the sample has typical diflraction patterns, the
peaks on 110, 220 and 330 are very obvious, which indicates
the present sample has pure perovskite phase.

FIG. 5 shows the cross-section 1mages ol a perovskite
solar cell fabricated by the present method. The correspond-
ing device structure 1s labeled. It 1s clear that the perovskite
solar cell has a layer-by-layer structure. From bottom to top,
they are glass substrate (1.1 mm), a ~100 nm-thick mmdium
tin oxide (ITO) coating, poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS), CH,NH,PbI,, phenyl-
C61-butyric acid methyl ester (PC,,BM), and aluminum.

FIG. 6A shows a schematic diagram of a device archi-
tecture. FIG. 6B shows a current density-voltage curve of a
perovskite solar cell prepared by prior art spin coating
method. FIG. 6C shows a current density-voltage curve of a
perovskite solar cell prepared by the present method. FIG.
6D shows the corresponding external quantum efliciency
(EQE) curve and 1ts integrated product with the AM 1.5G
photon flux. The device architecture 1s glass (1.1 mm)/ITO
(~100 nm)/PEDOT:PSS (~20 nm)/Poly[(9,9-dioctylfluore-
nyl-2,7-diyl)-co-(4,4'-(N-(4-sec-butylphenyl)diphenylam-
ine)] (TFB) (~10 nm)/CH;NH;Pbl; (~330 nm)/(PC,,BM)
(~20 nm)/ Aluminum (100 nm). The device prepared using
the present method shows comprehensive enhancement on
device performance parameters. Apart from the same open-
circuit voltage (~1.05 V), the short-circuit current density
(20.92 mA/cm” Vs. 18.2 mA/cm®) and fill factor (84.5% Vs.
80.1%) 1n the device based on the present method are higher
than those from the device fabricated with conventional spin
coating method. The former device performance (PCE:
18.56% Vs. 15.2%) clearly demonstrates that the present
approach 1s more suitable for fabricating high quality per-
ovskite thin films for optoelectronics. FIG. 6E shows the
schematic for the morphology control. After the spin coating,
process the solvent evaporation 1s not thoroughly completed.
After pretreatment by thermal annealing the CH;NH,PbI,
thin film becomes brown-red. Under the interaction of
thermal annealing and solvent vapor, polycrystalline per-
ovskite grains begin to grow. With increase in time, the
perovskite crystalline grains achieve their maximum size
that 1s 1n the region of several microns; finally, microphase
separation occurs with 1sland-like morphology.

FIG. 7A shows a fabrication process for planar hetero-
junction perovskite solar cells reported herein. Apart from
the vacuum thermally evaporated Pbl2, other functional

layers such as PEDOT:PSS, TFB, and CH3NH3I are depos-
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ited by spin coating method. FIG. 7B shows a diagram of
energy levels (relative to the vacuum level) of each func-
tional layer in the device. The inset 1s the molecular structure
formula of polymer TFB. FIG. 7C shows optical absorption
characteristic ol perovskite thin films fabricated by the
present method and conventional two-step processing. The
right part of the figure shows the photoluminescence prop-
erties of the corresponding perovskite thin films and the
inset shows the absorption difference around 760 nm. FIG.
7D shows X-ray diflraction spectra of perovskite thin films
grown from the present approach and the conventional
two-step method. Peak marked with # 1s assigned to the trace
of PbI2. FIG. 7E shows size-distribution of perovskite grain
growth using the present method. 1000 particles are chosen
to plot this distribution.

FIG. 8 shows SEM 1mages of Pbl, thin films fabricated
with different methods. On the left side, it 1s the image of
Pbl, obtained from solution-processed deposition. The right
one 1s SEM 1mage of Pbl, via vacuum thermal evaporation
method.

FIG. 9A shows morphological characteristic of the thin
films for the as-cast (left) and the 30-minute treatment
(right). After the treatment, the polycrystalline grains start to
ogrow with a grain size ol hundreds of nanometers to several
microns. FIG. 9B shows images with different treatment
time. The perovskite polycrystalline grains become maxi-
mum size (left) when the treatment time 1s around 1 hour to
1.5 hours. With the increase 1n time (around 4 hours), the
cavities (right) begin to occur on the surface of the thin film.
FIG. 9C shows distinct phase separation morphology (left)
with a long treatment time (up to 10 hours), and the complete
phase separation (right) occurs when the time reaches
around 24 hours.

FIG. 10 shows size distribution profile of large polycrys-
talline grain of CH,NH,Pbl,. In this case, 1000 particles
with different size are chosen to carry out the size distribu-
tion profile.

FIG. 11 shows XRD characteristics of perovskite thin
films. XRD patterns of perovskite thin films with different
treatment time. The trace located around 12.24 degree
clearly indicates the decomposition of perovskite with long-
time treatment.

FIG. 12 shows optical constant of each functional layer
used in this study. For the optical field distribution, the
finite-difference time-domain method 1s employed to solve
Maxwell’s equations 1n complex geometries. The thickness
and optical parameters of each functional layer are loaded
into the model for the calculation of light intensity distri-
bution across the solar cell device.

FIG. 13A shows visualized distribution profiles of spa-
tially optical field intensity in CH,NH,Pbl,-based per-
ovskite device with TFB as interfacial layer for five different
incident wavelengths. The monochromatic light 1s normally
incidence from the interface between glass and ITO. From
left to nght the incident wavelength 1s 300, 400, 500, 600,
700 nm, respectively, the bottom represents the I'TO side and
the top indicates the aluminum contact electrode. In this
case, the photoactive layer thickness 1s 350 nm. FIG. 13B
shows simulated current density-voltage curves with various
photoactive layer thicknesses from 20 to 1000 nm for the
perovskite solar cells. Note that the open-circuit voltage in
the reference devices with only PEDOT:PSS as hole trans-
port layer 1s obviously lower than that in the devices with
PEDOT:PSS/TFB as hole transport layer. It clearly demon-
strates that TFB with more favorable HOMO level 1s eflec-
tive for improving the open-circuit voltage in the present
devices. FIG. 13C shows the relationship of current density
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versus photoactive layer thickness. The values of current
density become saturated when the CH,NH,PbI, layer

thickness 1s higher than 3350 nm. FIG. 13D shows carrier
density profiles and energy band diagram under short circuit
condition across all regions of the perovskite solar cells.
FIG. 13E shows current-voltage curve for CH,NH,PbI,;-
based hole-only device derived from the space-charge-
limited current method. The STR and TFR indicate space
trapping region and trap-ifree region, respectively. Because
this method measures the mobility perpendicular to the
clectrodes, the measured mobility 1s more relevant to solar
cells. The typically three-region curve with different slopes
1s plotted.

FIG. 14 shows visualized distribution profiles of spatially
optical field intensity in CH NH,Pbl;-based perovskite
device (glass/ITO/PEDOT:PSS/TFB/CH;NH;Pbl,/PCBM/
Al) with TFB as interfacial layer for five different incident
wavelength. The monochromatic light 1s normally incidence
from the interface between glass and I'TO, and the bottom
represents the ITO side and the top indicates the aluminum
contact electrode.

FIG. 15 shows spatially optical field intensity 1n
CH;NH,Pbl;-based perovskite devices (Glass/I[TO/PEDOT:
PSS/CH,NH,Pbl,/PCBM/Al) without TFB as interfacial
layer. Similarly, the monochromatic light 1s normally 1nci-
dence from the interface between glass and ITO, and the
bottom represents the ITO side and the top indicates the
aluminum contact electrode.

FIG. 16 shows simulated J-V curves and related proper-
ties. The electrical simulation of the perovskite solar cells
without TFB as hole transport layer. The basic parameters
such as V., FF and I~ have similar vanation trend with
those from the devices with TFB as interfacial layer.

FIG. 17A shows current density-voltage curves of per-
ovskite solar cells with different photoactive layer thickness
under AM 1.5G 1illumination. FIG. 17B shows device per-
formance resulted by sweeping the voltage from forward to
reverse and from reverse to forward applied voltage indi-
cates the negligible hysteresis behaviors, furthermore, the
curves with different scan rates from 10 to 600 millisecond
also demonstrate the absence of hysteresis 1n the present
devices. FIG. 17C shows distribution profile of fill factor for
32 measure devices, 1lluminating the robust process with
high reproducibility. FIG. 17D shows the characteristics of
maximum power output. The power output behavior i1s
carried out under loading around the maximum power
output point.

FIG. 18 shows simulated energy band profiles and carrier
density characteristics across the device (Glass/ITO/PE-
DOT:PSS/CH;NH,PbI,/PCBM/AIl) without TFB as interia-

cial layer under short circuit condition.

DESCRIPTION

The following detailed description refers to the accom-
panying drawings that show, by way of illustration, specific
details and embodiments in which the mvention may be
practised. These embodiments are described in suilicient
detail to enable those skilled in the art to practise the
invention. Other embodiments may be utilized and struc-
tural, logical, material and electrical changes may be made
without departing from the scope of the ivention. The
vartous embodiments are not necessarily mutually exclu-
sive, as some embodiments can be combined with one or
more other embodiments to form new embodiments.

For photovoltaic applications, large crystalline grains are
highly desirable in significantly reducing charge recombi-




US 9,997,707 B2

7

nation at grain boundaries, which have vital impact for
device performance. In the present disclosure, 1t 1s success-

tully demonstrated the growth of a perovskite thin film with
a large average grain size approaching 7 microns by com-
bining vacuum and solution-processed approaches, which 1s
the largest s1ze for CH,NH,Pbl, perovskite, which 1s used as
photoactive layer for eflicient planar heterojunction per-
ovskite solar cells. Featuring a lower highest occupied
molecular orbital (HOMO, 5.4 ¢V) of poly(9,9-dioctyltluo-
rene-co-N-(4-(3-methylpropyl))diphenylamine) (TFB) than
that (5.1 eV) of poly(3.,4-ethylene dioxythiophene)-poly
(styrene  sulfonate) (PEDOT:PSS), devices with
CH;NH,Pbl, (HOMO, 5.4 ¢V) sandwiched between very
thin PEDOT:PSS/TFB and [6,6]-phenyl-C61 butyric acid
methyl ester (PCBM) showed high PCEs with remarkable
{11l factors. Seli-consistent photoelectric simulations were
carried out to 1dentify more clearly the roles played by
optical field distribution, energy band and carrier concen-
tration 1 an operating perovskite solar cell. With this
proposed approach, high-quality and micron-sized per-
ovskite photoactive layers with full coverage on the sub-
strates were achieved. Excitingly, the device performance
based on micron-sized perovskite surpasses that with tradi-
tional two-step films. Correspondingly, the carrier diffusion
length and trap-state density of the proposed films are
superior to the traditional ones. Building on this very prom-
1sing method, it has been achieved a hysteresis-iree PCE as
high as 18.56% with a fill factor of 84.5% under standard
AM 1.5G illumination 1 a planar heterojunction with
micron-sized perovskite morphology, which demonstrates
the potential for a wide variety of applications in photovol-
taic fields.

Experiment Details

Materials:

Unless specially stated, all chemicals were used as
received. 1,2-dichlorobenzene (ODCB, 99%), lithtum fluo-

ride (LiF, powder, 99.999% trace metals basis), lead 10dide
(Pbl,, beads, anhydrous, 99.999% trace metals basis), meth-
ylamine (33 wt % 1n ethanol), and 1sopropyl alcohol(anhy-
drous) and hydroiodic acid (HI, 57 wt % 1n water) were
purchased form Sigma-Aldrich. [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) was purchased from Nano-C.
Commercial indium tin oxide (ITO) substrates and poly[(9,
9-dioctylfluorenyl-2,7-diyl)-co-(4,4'-(N-(4-sec-butylphenyl)
diphenylamine)] (TFB, MW=>30000 (GPC)) were purchased

from Lumtec. Poly(3,4-cthylenedioxythiophene):poly(sty-
rene sulfonate) (PEDOT: PSS, Clevios™ P VP Al 4083 ) was

obtained from Heraeus.

Synthesis of Methylammonium Iodide:

The methylammonium halide precursors (CH;NH,I)
were synthesized through the reaction of hydroiodic acid
(HI) with methylamine followed by recrystallization from
cthanol. An equimolar amount of HI (57 wt % 1n water) was
added dropwise 1nto the methylamine (33 wt % 1n ethanol)
at 0° C. under stirring. Upon drying at 100° C., a snow-white
powder was obtained, which was further dried overnight in
a vacuum chamber and purified with ethanol before use.

Device Fabrication:

The pre-cleaned ITO patterned glass were cleaned ultra-
sonically with an alconox (degergent) solution, followed by
sonication in sequence with deionized water, acetone and
1sopropyl alcohol for 15 min each, then the substrates were
dried using a stream of nitrogen. Devices were prepared on
cleaned I'TO substrates by spin coating a thin film (20 nm)

of PEDOT:PSS (filtered using a 0.45-um PTFE syringe filter
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prior to use) for 60 s under 3000 revolutions per minute with
an acceleration of 700, which resulted 1n a thickness of ~20
nm. The PEDOT:PSS coated substrates were heated on a hot
plate at 135° C. for 20 min 1n a1r. After thermal annealing the
substrates were immediately transferred into a mitrogen
glove box (0,<0.5 ppm, H,O0<0.5 ppm) and a 15-min
annealing under 120° C. was performed 1n order to further
remove the residual water. After cooling to room tempera-
ture, on top of this layer a thin film of TFB was deposited
from an ODCB solution with a concentration of 5 mg ml™"
using spin coating method with a speed of 3000 revolutions
per minute. The ITO/PEDOT:PSS/TFB substrates were
heated at 110° C. for 20 min i glove box. Then the
substrates were cooled down to room temperature and
transferred into a vacuum chamber integrated into an inert
glove box and evacuated to a pressure of 3x10™* Pa. The
Pbl, layers were then deposited through vacuum thermal
evaporation to the desired film thickness. After depositing
the Pbl, layers, the substrates were taken out from chamber
and transierred to a spin coater. CH,NH,I solution with a
concentration of 25 mg ml™" in isopropyl alcohol was loaded
on the top of Pbl, thin film and spin coated with different
speed. The substrates were heated on a hot plate at 70° C. for
5 min. Then, the substrates were washed twice using 1s0-
propyl alcohol and heated on a hot plate at 70° C. for another
5 min with the purpose of removing residual CH,NH,I and
solvent. After cooling, the substrates were annealed 1n a
covered petr1 dish containing DMF solution under 100° C.
for different timings. After depositing the perovskite photo-
active layers, a 20 mg ml~" PCBM in ODCB solution was
spin coated onto the photoactive layers with a speed of 3000
revolutions per minute for 25 s. The devices were heated on
a hot plate at 100° C. for 60 min. The device was completed
by the thermal evaporation of a top metal electrode under a
base pressure of 5x10™* Pa to a thickness of 100 nm. The
active area of device was obtained using an appropriate
mask (3.2 mmx3.2 mm), and the devices were then encap-
sulated with a glass cover using an ultraviolet-curable epoxy
sealant with an ultraviolet exposure of 1.1 muin.

Deposition of Pbl, Thin Films:

After depositing TFB thin film on the top of PEDOT:PSS
layer and corresponding annealing treatment, the substrates
were transierred into the vacuum chamber integrated with
the glove box. About 500 mg Pbl, powder was placed 1n a
quartz crucible, and the distance from substrate to crucible
1s about 30 cm. The sources are directed upwards with an
angle of approximately 90° with respect to the bottom of the
chamber. There are two shutters, one 1s placed on the top of
crystal crucible and the other 1s below the substrate holder.
The evaporation rate of Pbl, was monitored using a quartz
crystal oscillator placed between substrate and crucible and
close to the substrate. And the evaporation can be precisely
adjusted through controlling the mput current on quartz
crucible. Various thickness of Pbl, was obtained under
3x10~* Pa by evaporating Pbl, at various temperatures in the
range 210-230° C. with evaporation rate varying from 0.2-1
A/s. After depositing the Pbl, layer, the high-purity nitrogen
gas (>99.999%) was loaded into the vacuum chamber up to
1x10° Pa. Then, the substrates were transferred into the
glove box and heated at 100° C. for 10 muin.

Characterization

The optical microscope 1mages were conducted using an
optical-filed microscope (Model: Olympus BX51M) with 5x
and 10x lens under Olympus U-DICR prism at room tem-
perature. Optical characteristics were collected using a
PerkinElmer Lambda 930 ultraviolet-visible-near infrared
spectrophotometer 1n the range 300-900 nm. All samples for
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absorbance measurement were fabricated using identical
process 1n comparison with the photoactive layers i device
architecture. Samples consisted of perovskites prepared on
glass and coated with the inert polymer poly(methyl meth-
acrylate) as protective layers. XRD spectra of the prepared
films were measured using a Bruker Advance D8 X-ray
diffractometer equipped with a LynxEye detector, Cu tube
(CuKo=1.5418 A) and operated at 40 KV and 30 mA with
a 2 theta scan range of 10-70°. The film thickness was
determined by a surface profiler (KLA-Tencor P-10). The
surface morphology of the perovskite films were performed
using a Jeol JSM-7100F filed-emission scanning electron
microscope with an accelerating voltage of 5 KV. The
current density-voltage sweeps of all solar cells were mea-
sured through Keithley 2400 source meter under simulated
air mass 1.5-global illumination (100 mW cm™) using a
Xenon-lamp-based solar simulator (Solar Light Co. Inc.)
and a calibrated Si-reference cell certified by the National
Renewable Energy Laboratory, USA. This calibrated Si-
reference cell was used for light intensity calibration every
time before sweep. The mismatch factor was calculated to be
less than 2%. The sweeps were measured by reverse and
torward scans (forward from 1.2 V to -1.0 V and reverse
from -1.0 V to 1.2 V). The step voltage was set at 15 mV
and the delay time was modulated, which 1s a delay set at
cach voltage step belore sweeping each current. A mask
(0.09 cm”) was employed during device measurement to
avoild any probable edge eflect. The external quantum eth-
ciency spectra were recorded with a PVE 300 (Bentham)
system comprised ol a Xenon lamp, a momochoromator, a
chopper, a lock-in amplifier and a calibrated silicon photo-
detector.

Method for Optical and FElectrical Modelling

APSYS Simulation

The commercial simulation package of APSYS enables
the numerical simulations to the perovskite solar cell devices
studied 1n this disclosure. APSYS 1s able to solve the
Poisson’s equations, drift-diffusion equations and the con-
tinuity equations with proper boundary conditions and mate-
rial parameters set by users.

The Poisson’s equations solved in the simulator are as
follows:

£
—V(VV)= —(—n+p+Nj —N3)

&

where V 1s the potential distribution within each semi-
conductor layer, and n, p, N, and N ,~ denote the electron
concentration, hole concentration, 1onized donor concentra-
tion and the 1omized acceptor concentration, respectively.

The relationship between the current density and the
applied voltage 1s calculated by the following equations,

J,=qu,nkE+reD, -V

J,=qu, pLteD, Vp

where, ], and ], represent the spatial electron current
density and the hole current density, respectively. u,, and p,
are used to account for the electron mobility and the hole
mobility, respectively, while E represents the applied electric
field. D, and D, stand for the diffusion constants for elec-
trons and hole, respectively, and they can be calculated
according to the well-known Einstein relationship.

The current continuity equations employed 1n this simu-
lator are shown as follows:
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: on ﬂfg
. _ i _ - =
v.-J, ZJ: RY = Ryp = Rou + Gopr(1) = — + Np—

where the electron (n) and hole (p) recombination rate 1s
achieved through the j,, deep trap, which are shown by

E RY and ) RY.
j

J

However, 1mn order to simplily the calculations, the deep
trap-caused recombination rate was treated by setting a
recombination lifetime, such that

2,

- il — g . P~ FPo
i — i _
| Rn = and E RP_ -
J & J P

in which T, and T, are the trap-caused recombination life-
times for electrons and holes, respectively. R, and R,
denote the spontaneous recombination rate and Auger
recombination rate. G, (t) represents the carrier generation
rate caused by the external influence such as the optical
excitation with high energy photons. Here, {,, and 1, mean
the occupancy of the donor and acceptor levels, respectively
with N, and N, denoting the donor and acceptor concen-
tration, respectively.

FDTD Simulation

Calculation of Light Intensity Distribution Across the
Solar Cell Device Using 3D FDTD Method

Light intensity distribution across the solar cell device 1s
derived using 3D FDTD method. Finmite-difference time-
domain (FDTD) method 1s a numerical technique to solve
Maxwell’s equations 1 complex geometries. The electric
and magnetic vector components are solved 1n a leapirog
manner and evolve forward 1n time. The resulting solution 1s
clectric and magnetic vectors in time domain and can be
converted to vectors 1n the frequency domain by exploiting
Fourier transforms.

The FDTD method adopts the Yee’s algorithm that dis-
cretizes the computation domain with regular, structured,
staggered, rectangular grids and the electric and magnetic
fields are staggered in both space and time. In 3D Cartesian
coordinate system, two grid cells are used for discretization.
Each of them has dimensions Ax, Ay, and Az along respec-
tive axis.

The coordinate of a node on the grid can be expressed 1n
discrete form as: (X,y,z), ; ,/=(1AX,JAy.kAz), where 1, j, and k
are 1ntegers. Similarly, time 1s discretized as t=nAt. An
arbitrary function 1(x,y,z,t) at any node can be expressed as:

Sx .z, )=fiAx, jAY, KAz nAL=f;

Therefore, the Maxwell’s equations could be developed
into a discretized form leading to a total of six recursive
equations, which can then be used to solve for the time-
dependent vector field intensities. Finally, these time-depen-
dent solutions can be converted to functions of frequency or
wavelength by performing Fourier transforms.
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The simulation setup for the solar cell device 1s briefly
described as follows. One solar cell device structure consists
of a 4 um glass substrate, an 100 nm ITO conductive layer,
a 20 nm PEDOT layer, a perovskite layer, a 20 nm PCBM
layer and 100 nm Al electrode from bottom to the top. The
other 1s inserted a 10 nm TFB layer between the PEDOT and

perovskite layers. The thickness of the perovskite layer 1s set
200 nm, 250 nm, 300 nm, 350 nm, 400 nm, 500 nm, 1000
nm, respectively. The simulation boundary around the
device 1s perfect match layer (PML) 1n the vertical direction
and period in the horizontal direction. The plane wave
source 1s set 1in the glass um away from the interface between
the ITO layer and glass substrate and the wavelength range
1s from 300 to 800 nm. The plane wave 1s 1njected normal
to the device layers and from bottom to the top. A monitor
1s put across the solar device and field distribution 1is
extracted from the monitor along the vertical direction from
bottom to the top.

Results

Methodology and Optoelectronic Characteristics.

As shown 1n FIG. 7A, the preparation process ol per-
ovskite thin films 1s 1llustrated. Polymer TFB 1s well known

in featuring a hole mobility that 1s substantially higher than
that of PEDOT:PSS. Furthermore, its HOMO level (-5.4
e¢V) 1s 1dentical to that of perovskite, which 1s lower 1n
comparison with that of PEDOT:PSS (-5.1 eV) (FIG. 7B),
making TFB an ideal choice for the hole-selective interfacial

layer. Additionally, the TFB thin film can be treated by

10

15

20

25

30

35

40

45

50

55

60

65

12

means ol appropriate solvent washing to remove small
molecular weight residue for further improving conductiv-
ity, which 1s very important in modulating charge balance 1n
photoelectric devices. Benefiting from the perfect energy
level alignment 1n FIG. 7B, the photo-generated free charge
carriers/excitons within the photoactive layer can be eflec-
tively extracted by either transporting holes to the underly-
ing TFB layer, or through transferring electrons to the
adjacent PCBM electron-selective layer. For the present
perovskite Tabrication process, after spin coating and anneal-
ing the PEDOT:PSS and TFB layers, the substrates were
transierred to a vacuum chamber and then lead 10dide (Pbl,)
with various thicknesses was deposited on top of the poly-
mer charge-selective layer under a vacuum of ~2x10~* Pa at
different deposition rates (FI1G. 8). The corresponding device
performance was detected to be sensitive to Pbl, deposition
rate, thickness and post-annealing time, so careful attention
was paid to ensure that the efliciencies of the devices were
reproducible as consistently as possible. Afterwards, the
substrates were taken out from the chamber and moved to a
hot plate for a 10-minute treatment under 100° C. 1 glove
box. After cooling down to room temperature, the methyl-
ammonium i1odide (CH,NH,I) solution was loaded and spun
coated on the top of Pbl, thin film. The substrates were
immediately transferred to a hot plate for a 10-minute
annealing under 75° C. Finally, the substrates were annealed
for different timings under 100° C. 1n a closed petr1 disc
containing dimethylformamide (DMF) solution.

The optical absorption curves of perovskite thin films
were carried out as shown in FIG. 7C. To probe the
difference between the present method and the conventional
two-step method, samples prepared using CH,NH.I and
Pbl, solution were also cast by spin coating. The absorption
characteristics of perovskite thin films derived from different
approaches present similar optical behaviors from ultravio-
let to near infrared regions, except for the shape of the
absorption edge. The corresponding X-ray diffraction pat-
terns of samples were collected as shown in FIG. 7D, from
which i1t can be seen that the films resulted from various
fabrication processes are i1dentical in their crystal structure.
However, a weak peak centered at 12.24° (as # in Reference)
can be detected 1n the film obtained from the conventional
two-step method, which 1s attributed to Pbl,. The excessive
Pbl, could act as an insulating layer to reduce the photo-
current. It 1s well known that the phase purity can signifi-
cantly aflect device performance by increasing recombina-
tion 1n perovskite crystal lattice and correspondingly leading
to a low shunt resistance, causing comprehensively degra-
dation 1n device parameters including open-circuit voltage
(VOC), short-circuit current density (J.-~) and fill factor
(FF). The diffraction patterns confirm that present perovskite
samples have the tetragonal crystal lattice parameter with
a=b=8.87 A and c=12.65 A. Furthermore, differences were
found 1n the photoluminescence spectra of the samples. The
photoluminescence spectrum derived from the perovskite
film obtained by the present method 1s slightly red-shitted
compared to the perovskite film obtained by the conven-
tional two-step method. The magnitude of shift might be
correlated to the nature of internal structure. De Bastiani and
co-workers have found that small perovskite crystallite leads
to blue-shifted photoluminescence emission. The differences
on absorption and photoluminescence are also likely related
to the morphology of perovskite.

Morphology Evolution of Perovskite Thin Films.

By optical observation under controllable annealing, the
evolution of film morphology transformed through three
distinct stages, as evidenced via optical microscopy mea-
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surements (FIG. 9). At the first stage where the annealing
time 1s below 30 min, the films gradually turned from grey
to brown as a synergetic result of the removal of residual
solvent 1n the film and immediately transformation of per-
ovskite phase. Incomplete reacting species and intermediate
phase are likely existing in the resulted composite at this
stage of the reaction. The film morphology looks very
uniform and continuous without any apparent pinholes on
the surface. With the increase of annealing time, 1in the
second stage (30-90 min total annealing time) the films
became nut-brown and slightly transparent and the pure
perovskite phase was observed, which 1s confirmed by the
X-ray diffraction pattern. It means that full phase transfor-
mation occurred and intermediates vanished, leaving
CH,;NH,Pbl; as the dominant phase. Unexpectedly, the film
morphology thoroughly changed and clear crystalline grain
boundaries appeared in this stage. The crystalline grain
grows slowly, reaching maximum size 1n this stage which 1s
on the order of a few microns to ~10 microns (FIG. 7E and
FIG. 10). The possible reason for this morphology should be
linked to the synergy of solvent vapor atmosphere and
thermal annealing; the solvent vapor can improve the recon-
struction process during CH,NH.Pbl, transtormation
through dissolving the unreacted organic species and ther-
mal annealing can accelerate the mass transport within the
perovskite, resulting in the growth of the crystalline grain.
As the treatment time increases, distinct microphase sepa-
ration eventually occurs. The corresponding X-ray difirac-
tion patterns of perovskite thin films with different treatment
time clearly indicate the distinct degradation 1n the films,
which can be evidenced from the trace of Pbl, around 12.24°
and the disappearance of characteristic peaks of perovskite
(FIG. 11). As a comparison, the perovskite films were also
fabricated using conventional two-step method and the
corresponding scanning electron microscopy i1mage was
obtained as shown i1n FIG. 3B. It i1s clear that the average
grain size of the film 1s much smaller than that of the sample
obtained using the present method. In general, 1n this film
the gap states and defects formed at the grain boundaries can
greatly aflect the quasi-Fermi level splitting and then reduce
V o~ owing to trap-filling of photo-generated electrons and
accumulation of holes. As a result, this will give rise to the
formation of barriers in the device which adversely aflects
ellicient charge extraction. The large crystalline grain size
(and hence low grain boundary density) of the proposed
films are expected to facilitate photocurrent generation,
transport and extraction.

Self-Consistent Optoelectronic Simulation.

The optical field intensity profile distribution through
finite-difference time-domain (FDTD) simulations (Lumeri-
cal Solutions, Inc.) was visualized for perovskite solar cells
with varied photoactive layer thickness (200-1000 nm). The
wavelength range used was 300-700 nm, and the illumina-
tion was from the I'TO side. The optical field intensity at any
given position in the device can be calculated with the
optical constants (reflective index n and extinction coetl-
cient k) and the thickness of each layer (FIG. 12). Therelore,
the distribution of light intensity within the photoactive layer
could be modulated through the optical interference between
the mncident light and light reflected from the metal elec-
trode.

As shown 1n FIG. 13 A and FIG. 14-15, it 1s found that the
inserted TFB does not act as an optical spacer, which
suggests negligible influence on optical field distribution.
For all cases involved, it can be clearly observed that the
spatial distribution of the optical field intensity 1s strongly
dependent on the thickness of the photoactive layer. There
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are three important features, which should be highlighted.
Firstly, the optical behavior 1s 1n accordance with the Bou-
guer-Lambert-Beer Law for short wavelength (less than 400
nm). Secondly, the number of optical interference peaks
increases with the photoactive layer thickness for incident
light wavelength =600 nm. For 1000 nm photoactive layers,
there are as many as 8 terference peaks in the active
region. Finally, for photoactive layer thickness 2350 nm, the
interference peaks exist only when incident light wavelength
=600 nm. In the case of a thinner active layer, the low-
finesse peaks still reside for 500 nm wavelength of incident
light (FIG. 14-15). Present simulation results indicate that
the spatial distribution of light field intensity should be
precisely regulated 1n operating devices, which can vitally
impact the photon harvest and hence the external quantum
elliciency of the devices.

Based on these optical behaviors, using the commercial
APSYS package (Crosslight Inc.), the current density-volt-
age characteristics of the perovskite solar cells with different
photoactive layer thicknesses were simulated under standard
AM 1.5G solar illumination. This self-consistent optoelec-
tronic simulation primarily involves solving Maxwell, Pois-
son, and charge drift-diffusion equations, which can reason-
ably support the assumption of improved material quality for
large grains 1n the present case. By means ol material
characteristic parameters, the model quantitatively produces
all the prominent features of the current density-voltage
(J-V) plots. With the progressive increase ol photoactive
layer thickness, the photocurrent gradually increases due to
the more suf1c1ent absorption by CH,NH,Pbl,. However,
the saturated current density occurs when the photoactwe
layer thickness reaches 350 nm (FIGS. 13A and 13B). With
the continuous increase of thickness, the photocurrent and
{11l factor tend to become saturated. The similar tendency 1s
also found 1n the devices without TFB interfacial layer, as
shown 1n FIG. 16. It 1s comprehensible that for the present
fabrication process, the perovskite film quality becomes
compromised when its thickness 1s thicker than 350 nm,
which should be the result of shorting defects deriving from
large crystals. Hence, 1t can be concluded that 1n an oper-
ating device, the optimized photoactive layer should be
around ~350 nm from this thickness-dependent relationship.
In general, the interfacial eflects are very difficult to be
quantitatively analyzed in optoelectronic model. On the
other hand, 1t 1s known that the morphology of photoactive
layer plays crucial role 1n determining the series and shunt
resistances that directly affect fill factor and corresponding,
device efliciency. Therefore, the realizable fill factor will
depend on both interfacial engineering and morphological
control in the device. Similarly, 1t seems that the high
open-circuit voltage in the present simulation results from
the 1dealized assumption 1n the model which does not take
into account the passivation and non-radiative losses within
the polycrystalline perovskite layer. Grazel et al. have dem-
onstrated that the limit for open-circuit voltage 1n the case of
solely radiative recombination 1s around 1.3 V, which 1s 1n
good agreement with the present self-consistent simulation.
Nevertheless, very low non-radiative losses can decrease
this value to around 1.0 V for the state-of-the-art devices.
Furthermore, imperfect passivation i1s another factor 1in
allecting the practical value.

The typical energy band diagram and carrier density
profiles 1n all regions of the device were simulated (FIG.
13C), which were collected when the device 1s under AM
1.5G illumination. The present results clearly indicate that
the photoactive region 1s almost fully depleted, which con-
ducts the photo-generated charge carriers to their respective
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clectrodes. Otherwise, the recombination of generated
charge carriers would happen in the field-free regions. In the
present case, the built-in electrical field 1s expected to allow
eilicient charge collection.

Solar-Cell Performance.

Making use of the micron-sized grains, planar heterojunc-
tion perovskite solar cells were fabricated. The J-V curves
for devices fabricated with various thicknesses of photoac-
tive layer are shown 1n FIG. 17A. The measurements were
under standard AM 1.5G illumination of 100 mW/cm~,
which was calibrated using a NREL-certified monocrystal-
line S1 solar cell. During measurement, a mask was
employed to define the effective area of 1llumination 1n order
to avoid lateral eflects. As shown 1n FIG. 17A, 1t 1s clear that
the values of current density in operating devices substan-
tially increase with the thickness of photoactive layer, which
has similar variation tendency with the present self-consis-
tent electrical simulation. Recently, the photocurrent hyster-
es1s phenomenon 1n perovskite photovoltaic has become an
inevitable scientific concern. Though the origin of this
hysteresis 1s still debatable, one proven method to alleviate
or eliminate the J-V hysteresis 1s by applying perovskites
with high crystalline quality and purity. Another effective
method for fabricating hysteresis-iree devices 1s passivation
of the perovskite layer by fullerene (PCBM etc). Accord-
ingly, in the present case 1t 1s expected that the planar
perovskite hybrid solar cells with large-size grain and per-
fect fullerene passivation will lead to small hysteresis or
hysteresis-free with respect to scan direction and scan rate.
In order to avoid vanations in optical absorption or inter-
ference eflects owing to different film thickness, an opti-
mized perovskite layer thickness was used in the present
study. As shown i FIG. 17B, 1t can be seen that the
perovskite solar cell was hysteresis-iree with negligible
variation regardless of the direction of voltage sweep or the
scan rate. Apart from being hysteresis-iree, 1t can be seen 1n
FIG. 17C that the present devices exhibit outstanding fill
factor tolerance and high degree of reproducibility in the
overall PCE. It should be noted that the champion fill factor
(87.3%) 1n the present experiment 1s of record high for
perovskite solar cells with different device architectures. It 1s
even fully comparable with other state-of-the-art inorganic
photovoltaic devices such as silicon and copper indium
gallium selenide solar cells. The stabilized power output
behavior under loading around the maximum power output
point was characterized, which 1s the best means to check
the stabilization of possible hysteresis. The corresponding
stabilized power output of the cell 1s shown 1 FIG. 17D,
exhibiting a PCE of ~16.7%, which 1s 98% of the iitial
value regardless of scan direction and rate. Clearly, the
device performance resulted by sweeping the voltage from
forward to reverse and from reverse to forward applied
voltage 1s relatively stable, and the maximum power output
1s high, indicating that the proposed route has a high
stabilized power output and the passivation of large-size
perovskite grains 1s desirable on reducing the impact of
hysteresis.

FIG. 6C shows the J-V curve for the present device under
simulated AM 1.5G condition with a PCE of 18.56%,

FF=84.5,V,~~1.05V and I..~20.92 mA/cm,. This result 1s
by far among the highest efliciencies for all perovskite-only
cells reported. For comparison, the device fabricated using
the conventional two-step method was also carried out,
which exhibits a PCE of only 15.2% (FIG. 18). Recently,
several research groups have observed severe J-V hysteresis
phenomena 1n mesoporous-based and planar heterOJunctlon
perovskite solar cells, which makes accurate efliciency mea-
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surement debatable and hinders the endeavor for promoting,
their practical application. As demonstrated above, hyster-

esis-iree performance over a range of J-V scan directions
and rates with high etfliciency was achieved, demonstrating
the feasibility for future industrialization. It was i1dentified
that the J.~ measured from the device was in good agree-
ment with the integrated value of EQE data and the AM 1.5G
solar spectrum (FIG. 6D).

DISCUSSION

It 1s herein introduced a new route combining vacuum and
solution processes to create and control perovskite morphol-
ogy, which can be regulated over a large range of time scale
and results 1n micron-size crystallization grains and more
uniform thin-film formation. As an example, the schematic
diagram of morphology evolution of photoactive perovskite
thin film 1s 1illustrated in FIG. 6E. It 1s the first time to
observe the interesting evolutionary process for non-chlo-
rine CH,;NH,Pbl; under low temperature. By ruling out the
eflfect of spin coating Pbl, solution and employing more
uniform thermally evaporated film (FIG. 8), high-purity-
phase perovskite with large grain size from a few to ~10
microns were realized under a synergetic process of solvent
vapor and thermal annealing. Present findings indicate that
the morphology revolution of CH;NH,Pbl; perovskite can
be precisely regulated in analogy to polymer solar cells,
where the importance of morphology optimization on
improving device performance has been confirmed previ-
ously.

Proceeding to explore the influence of large-size grain on
the transport properties of the perovskite films, charge
carrier mobility was determined using space charge-limited
current method (FIG. 13E). In order to identily the actual
influence of films under real device operating conditions, the
films were fabricated using optimized annealing time. Car-
rier mobility of 72 cm® V™' s™' was obtained, which is
slightly higher than that of the previous study using the
conventional two-step method. Correspondingly, carrier dii-
fusion length of 361 nm was calculated by L, =(k,Tut/e)"
227. This value 1s obviously higher than the typically
reported value ~100 nm in CH,NH,Pbl,-based materials. It
1s also slightly larger than the photoactive layer thickness
(~350 nm) 1n devices, indicating that the charges generated
in perovskite films could reach the surface with negligible
loss. The 7.07x10"> cm™ charge trap-state density of the
f1lm was also determined and was found to be much higher
than single crystal (~3.6x10"° cm™). However, this result is
approximately one order of magnitude lower than typical
polycrystalline (5x10'° cm™) perovskite films. Generally,
the overall charge recombination 1n the devices 1s dominated
by the surface recombination while the interface charge
recombination 1s mainly determined by the surface trap
density. The charge recombination at the surfaces of per-
ovskite can significantly reduce the charge extraction efli-
ciency. Undoubtedly, benefiting from the favorite grain
boundaries and low trap-state density, the energy barrier
between grain domains will be reduced, which facilitates the
charge transport within the perovskite. Also, the interface
charge recombination can be eflectively restrained, which
can obviously boost the device J. - and FF and correspond-
ing PCE.

In summary, applying a hybrid process of combining
vacuum and solution-processed technologies, it has been
demonstrated a new approach for fabricating photoactive
layers for high-efliciency planar heterojunction perovskite
solar cells. For the first time, 1t 1s observed the morphology
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evolution of micron-scale large-size perovskite grains in
perovskite thin films, which can be easily regulated on a
large time scale. Assisted by drift-diffusion and Poisson
equations along with the transfer-matrix solution, the seli-
consistent optoelectronic simulation 1s carried out to predict
the optimized photoactive layer thickness and spatial optical
field redistribution profiles, which are i good agreement
with the present experimental results. The large grain per-
ovskite films resulted from the present hybrid approach
enjoyed along carrier diffusion length and low charge trap-
state density, which substantially support the superior device
performance. With the device engineering by the introduc-
tion of polymer TFB as hole transport layer, the present
device has achieved a hysteresis-free PCE of 18.56% with a
V,-0f1.05V,aJ..of20.92 mA/cm” and a FF of 84.5%.
This 1s by far one of the highest efliciency cells reported for
CH,NH,Pbl;-only solar cell without any additives. Further-
more, the FF value of 87.3% 1s the best result for perovskite
solar cells. Further improvement in efliciency can be
expected by optimizing the photoactive layer morphology
and device interfacial engineering. More importantly, for
perovskite solar cells to early meet commercial requirements
in global photovoltaic community, this proposed technology
1s expected to provide a viable route for the fabrication of
high-efliciency large-area device modules.

By “comprising” 1t 1s meant including, but not limited to,
whatever follows the word “comprising”. Thus, use of the
term “‘comprising” indicates that the listed elements are
required or mandatory, but that other elements are optional
and may or may not be present.

By “consisting of” 1s meant including, and limited to,
whatever follows the phrase “consisting of”. Thus, the
phrase “consisting of”” indicates that the listed elements are
required or mandatory, and that no other elements may be
present.

The mventions illustratively described herein may suit-
ably be practiced in the absence of any element or elements,
limitation or limitations, not speciﬁcally disclosed herein.
Thus, for example, the terms “comprising”’, “including”,
“containing”’, etc. shall be read expansively and Wlthout
limitation. Additionally, the terms and expressions
employed herein have been used as terms of description and
not of limitation, and there 1s no intention 1n the use of such
terms and expressions of excluding any equivalents of the
features shown and described or portions thereof, but 1t 1s
recognized that various modifications are possible within the
scope of the mvention claimed. Thus, 1t should be under-
stood that although the present invention has been specifi-
cally disclosed by preferred embodiments and optional
features, modification and wvariation of the inventions
embodied therein herein disclosed may be resorted to by
those skilled in the art, and that such modifications and
variations are considered to be within the scope of this
invention.

By “about™ 1n relation to a given numerical value, such as
for temperature and period of time, 1t 1s meant to 1nclude
numerical values within 10% of the specified value.

The invention has been described broadly and generically
herein. Each of the narrower species and sub-generic group-
ings falling within the generic disclosure also form part of
the mvention. This 1mcludes the generic description of the
invention with a proviso or negative limitation removing any
subject matter from the genus, regardless of whether or not
the excised matenal 1s specifically recited herein.

Other embodiments are within the following claims and
non-limiting examples. In addition, where features or
aspects of the invention are described 1n terms of Markush

10

15

20

25

30

35

40

45

50

55

60

65

18

groups, those skilled in the art will recognize that the
invention 1s also thereby described in terms of any 1ndi-
vidual member or subgroup of members of the Markush

group.
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The 1nvention claimed 1s:

1. A method for forming a perovskite thin film having an
ABX, crystalline structure, wherein the crystalline structure
comprises an average grain size of more than 1 micron, the
method comprising:

forming via vacuum thermal evaporation a layer of a

metal (II) halide (BX,) on a substrate;
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depositing via spin coating a solution of an organic halide
or a metal (I) halide (AX) on the BX, layer; and

annealing the BX, and AX layers to form the perovskite
thin film, wheremn A 1s CH,NH,*, CH,;N,H,™, or Cs™,
B is Pb**, Sn**, and X is CI", Br  or I".
2. The method of claim 1, wherein forming the layer of
BX, comprises evaporating BX, powder under vacuum of
1x107% to 1x10™ Pa.
3. The method of claim 1, wherein forming the layer of
BX, comprises depositing BX, at a deposition rate of 0.1 to
50 AJs.
4. The method of claim 1, wherein forming the layer of
BX, comprises evaporating BX, powder at 210 to 230° C.
5. The method of claim 1, wherein depositing the solution
of AX comprises spin coating at a rotational speed of 150 to
15,000 rpm/s.
6. The method of claim 1, wherein depositing the solution
of AX comprises spin coating for a period of 5 to 300 s.
7. The method of claim 1, wherein annealing the BX, and
AX layers comprises annealing for a period of 0.01 to 24 h.
8. The method of claim 1, wherein annealing the BX,, and
AX layers comprises annealing at 90 to 300° C.
9. A perovskite thin film having an ABX, crystalline
structure obtained from the method of claim 1, wherein the
crystalline structure comprises an average grain size of more
than 1 micron.
10. The perovskite thin film of claim 9, wheremn the
average grain size 1s 7 to 10 microns.
11. A method for forming a planar heterojunction per-
ovskite solar cell, the method comprising:
depositing a layer of poly(3,4-ethylene dioxythiophene)-
poly(styrene sulfonate) (PEDOT:PSS) on a glass sub-
strate pre-coated with indium-tin oxide (ITO);

depositing a layer of poly(9,9-dioctylfluorene-co-N-(4-
(3-methylpropyl))diphenylamine) (TFB) on the layer
of PEDOT:PSS;

forming via vacuum thermal evaporation a layer of a

metal (II) halide (BX,) on the layer of TFB;
depositing via spin coating a solution of an organic halide
or a metal (I) halide (AX) on the metal (II) halide layer;
annealing the BX,, and AX layers to form a perovskite thin
film, wherein A is CH,NH,", CH,N,H,™", or Cs™, B is
Pb**, Sn**, and X is CI™, Br  or I":
depositing a layer of [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) on the perovskite thin film; and
forming a top metal electrode on the PCBM layer to form
the solar cell.
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